Topological fluid mechanics of point vortex motions by Boyland, Philip L. et al.
  	





    	
 	   
      
    	
  !""  #$  
%	& '  (	 %  )  *) +
	    	
 *	  ,    	

-	   . (	/ 0" (  $  -  
 *			" 1/  / 	 /  		 	
  	

	 	   2    "	     	/$	
3 4" 	  	 5 6	  /	    
/ 	 /   	  	"	

	 	3 *  	
 	
  /   /$ 	 " /"  & 		 
  $ "  			" 	
  	& 		   "  	
/3 * $ 	 $  		  	
  	 			
/ $  	& 		3 * */	) 	   / 	 
6  		       	" 	 $	/  	
 	
  	  $ 53 * 	 	  	 
$ 5  			" 7 	





 	$ 8	5  " 4	 /$   	 8	5 5
$ 	   	 /
/ 
	 $	   / /	3
* /$9   /	/ 5   " :  	
  23
*  $ ,
 ;,
<  =	 ;=<  	 ;<  9 ;9<  	: > *	$
;
*<  ?/ > (: ;?(<  (: > %7 ;(%<  (: ;(<  (7 ;(<  (: >
	 ;(<   @$/7 ;@< 	   3 0  	  5
 
/ 2	 	
 	"  5		 8	5 $  2 		 	
 	
	3 0     " 6    
	/ 	   	
	 &  & 2	  " 5 	 ABBC   ' 	
 
$ 	
  	&  57 $    D"C '.' &	 	
 
" 	
 " 	 	  5		 8	5 	/"  E C 	

"3 F(  /  
	 
/ 3G
-    5 /  			" 	
 	 	& 		   	1/ 
 			" 	  
	  		 	
  /	/" 8/3 0 	 	
	   2    "	     	/$	 3 ,
 	
 	 	  /
/  	"    57  93 * 		 
	
/" 	&  	 
	  	$ 	
 5		 /$/   "
	
 	  		" 8	5    	   &  
	  / 	
 	&
 
	  /8/ /3
A	: 	"6   	/	 	




	 	  F;A<G3 -  5  	 	   8/
 




 	  	" /  // 	 	
 )5	 "
3 -  )5	   ""  	" 	
  		  	 	 8/
 		I  /  		 	
 	/3 	 	 	   	"	/
	 	
 		     /3 7  )5	   	5  
5	 		 	
   /  	&   	  
   /
	  6	3 -   F  	 	
 	  G   5	 








	 	  F ;,
<  ;,(<  ;(,<G3 - /
     	$  	3 ( /	  	 $ 
	"
	/  	   9	   /  $  	/	
	
    		 	
  "  $   	3 ,  /  
	
 	 		 	
  /    		" " 	
 	 / 
  		 
 	 	3 * 	& 		  / 	   	&

  $/  " 	/ $    $ 
3 * 	 	  
  	
     5  	/	 	
  
/   	/

	  	 9	 	
  / 3
* 
/  	
   	 	
  /  /  		
	$      	    "/ F "/ 3  3G3 *
"/ 	 	 	
  / 	 		 	 		  	 	 	 
	  /		 	
  	
 	   		 	 	 	/ 5   6	 	
/	3 *  /     	 "	 F  
  G  5 	 5	/ &  		" 8/ 		 	  
 3 *   			"   	 	5 
	 5 	/  	 /"  	/	3 * 5"  $ /"
,C $ "	/   5 	5   .    	& 		 " 
	  
"  $ $   $3 */   $ 	 	  
"/" 
	 "/" : " 	
 	& 3
- 	" 5		 8	5 5 	 	   	 2   /	/"
8/  " $  	 	   	 	3 * 	/	 	
 
    	 2   	3 	  	& 		 		"
	  	 		 	
  /   5  	  	& 
 	  
   	 	$  	 		3 -  
   	 "  	
	 2   	 5 2  	 			   ?	B  	$
$ " 
	 	 	   
3 */   	
  	 			
$   	
 	   	& 
3
* $ 	
  "  $ 	 	  		" 	 			
/"  			" 		 	
 		3 , $ 	   $ 	    	
	6 		  	
 			 	    //  F;%<G3 */ 
$/   		   "    $    " 		 
	 			3 * 7	5"    /" */	) 	 	

/
 			  5 	  2	 	 
	 		  	
 /

 			 F $
 	/	 	  	  "   G3 -   	
 
/	,		 F,G 		    	 "  $	  / $ 
  			   		 3 * 
		 /  	5 $	/ 
	
/ 1/  //   "	5  	
  /$ 	
 	 	  

	 "	5   			" 	   "	5  	
  " 	
 			" 	
      			" 	
  
	 3 - /  
			   ,  5 $ 	 /  	
  // 2	 	
  5	3
-   5 6  6	/	  	& & 5 "  5 
	 			   ,   / 	"   	  	 
 3 0 	 "/  ,   		  	&   3
)	     ,    
		 $	/  / 	 	
	 1/ 7	5" 	
  			" 	
  	 	& 		3 * 	 	 
"	$  			"  $ 5 " 		 / 8/ "  &"
 	 	3 -  	  	 	 	
  	 	  
	    $/   	  KL    8/  /"
 	
  	   	
 	   5  / /  	   	
 	
  3 * 	 	
  	
   /  "" 		 	
  	
	 	 /  "" 		 	
 8/   /   $""
	
  	 	
 K			" 73L 0 5 
	/  	  2  	
 
	&  5 6	  /	            
/ $	  	
 8/ 		   5 "/   =	/	  , $	 
		  5		 8/ 3
*  		 /   $    /$ 
	  	
 3 	  	 "  $      /" 	 	/ 

 "   	3 *  ;%,(< 	  "		 	 	  	 
"   	 	  : 8/ 8	53 * 	 /   	 $
 	 	  	
  3 ,  	"  	 		
	
 	   /
   / 	 /" $3 	 &   ;< 
;	<   $ 	  / 	 2 	 
	  	 	$3 - 
	   /    		  	2"/	 $   	 
	9/" 	  	  3 */    	  			 	
 
 / $  		 	
  	3 - 	 /	 5  	 		
	 "  	  / 			 	  	 	
  	   
	
  			  $ / /" */	) 	3 D / &
 5  	 		    	 	$   	 
	 		 F
;*< 




	/ 	  " 		 	
 	 	$    &  		 
 	  3 * /	  
 5 / F ;%< 
	  /G3 ,	 	
   ;<  ,   / 	 / 
 	3 - "  			" 	 
2" " 8/ 	 F  
	 &  ;,A<  ;4<  ;
*<G3
  	  	 	
 		
0  $ 	"  	/	 	
   	
  	
 	H 2 	
	   2   "	    	/$	 3 ,	/"
 	/ 	&        		" K L  /  	

 	  2 		 5 	 	  5 KL  KL 
 	 "
 	/$	   3 %	   	& 		 5 $ / 
	
	    5  M  N    3 ,  	
 		 	
   	 	

	 F	 5G    		 	
 	    5 &   	  
  	
 5   5  	  
    	&  		 " $

 	& /$ 
 
     	 	  
 
N  
	  " 3 * 2	
	
  	&  1/   	














  		 	
 	 	   &
  	   






 	&  		 
 















3 !/ 5  $ 	&  	  $ " 	 	/$	
		  	 1/     	 	   	 	/3 	5   
 	   2 $  		 	














G3 )	 	  	/ 2	 	

 1/      	 
	    	  /
	 	"
  	    	/ 3
0  / 
 5  $ 	
 	 3 (	 

  ;,<  ;,<   ;<3
  	  	    !  * 	

	 	&   	
/	 " $   /$ O
 
  		   




G3 "  7 	 	  	& 	9/"   	/	 	






















	 	 M        3 "  M  
	  2    M  
	     M  
	
   	&/ 
/	 






























G   0 6 
/	  P    	

 









3 )	        
/	   	
   1/ 	I 
















F   /  " 	 
	  0 6 
/	G3
-   	
  	" 	&      5 		 " $
F






















   $	3 D  7 	
      	&
5 6	 /	   	  	 	$   	" 	




	       5 7	53 	  	
	
  1/	 
	 	&    ;D<  ;(,<3 * 
/	   // 	/" 	
 
"  	$/	 	
  " 	&3 -    	   		 	
 
	&  / 	$/   
/	 	  / 	
  	 23 )	  	5 

       
/	 

 	 		  $/ 
	 	/$	
		 F33 G 
/	   / 	
  	   
/ 	"
/ / 	 6	 F1/  $ C *	   	/$	 	 2 /
 6	  /   
/ 	"G3 */  	 	
  " 	/$
	 	& 	 	
   F 5  2 G 5 	6	  /	 1/





M     5 $ / $	5  
"  	
 F3G    
/	 	
    	  7 5	/ 		
	
  : 	
    	   3
  		 (  		 	
  	&  2 $  	& /$ 
  	
    	&   " $   	
  

3 *	  "/ 
5 	 	 " 		   	    	























































	 	  M    	
*    		 	




  5 $  	9/" $   	 
	     " 	
 
	  $/   	 	2"/	   
// H  	  2 	    	  
	   	
 	" $/3
























5  /  	  	       /	 $	   
 	 M   &/3 * 
/	 R

F    	


















































3 * 1/	 	






















   	 /  1/	 	 	 
	  5 











-   








  		3 * "  	 5   	
  	 /
/	/  	 	
   	3 0"  M  N   /" 
 
	 F3+G   ?		 $7 	





* 	 1/	 F3G  	 $ /  	 






















-   5 /    




		    	 
 	
  	 	$3 * "   	
 F3G
   
/	 
	  	 2 	
  / 5		 8/ 		
" $  	" 		 	
 	3
D  	 	$   F3.G  F3G 	  " F NG"	

	







  * 	 F3.G   /
/	/ 	 	





N      

N G M F
 




	     3 * 	 	
   F	 

G    

   	3 -    
  	   	 5 		 	
  I    	 
$      	 5 	 	 	  3
#	&      	  " 

























     




































     

G FG
* 5 $    	  	 3
 " $
	 	  	 	5  5  	 	   	
  	 
  M 3 - 	   / 	





* 	/	/  &  
   	&    	

 	 	
 	"3 	   
    		 	
  	  
$  2& 	/    /" 	/	  	  $   2& 	/3
* /""    		 	
























M    5 2  	 	 	





























*	 	/  1/	 	
 		 
	   /$/ F3.G 	  : 	

































*   	"	








































/"    
	3 F? 	        & 
	5  "/ 3  3  G3 )	  

 	 	$ $ /$/"













%& " ? 	 	
  / 	  
	
 	   2  5 /	    3
* /   $ "   /   .33
* 	 	





  	    	
	  /	3 *  	 	

/	  $ / 	    F  
	 &  ;<  ,&  
;,<  	 = #3  ;<G3 4/	 
	 	 	    	  ;?<  
 2   ;,4<3
* " 	 	
 /	 	 $ 2 2&"  / 	
  " 	
5 	/	/    
"       		
/   3 -       5	  		 	 2&" 
/ 	





3 )	     / 5   	 /   $ 5	 
	  	 $ 	 " 	
 
	3 *	 /   /" /   	
/ 	2   $ 7"   ?		 $7 	
   3
-   	




M 	   	 




 	 	3 * 
   /    	  &   
0 *	 F ;<G3 * 	 	 "  	  
	
































%& " ? 	 	
  / 	  
	
 	   "	  5 /	   
3 * 4	 / $ "   /   .33












 "" '  	
 
   

  * 
 	
    "  	 	 		   /	3 	
&		   5    	 	
     $ 1/ 	




3 0 	 /   /	 O
 
M I   $ 	
5 	 	 	
 "   $ F3G   " 	
  /	 $   	/
	 "   F   	G 	





M    	 /$  	5 




  / 	 $ 3 */  / 
  	   	  2 	   	
 /
 3 -  
  

  / 	 $   $	 	   	    
	   $	 	   2 	  	/ 5 /
   $	




	"    	   
 /	 




  : 	3
*	  5   	  2 	$      	 $ 		
	  /	 
       	 1/   / 	
  "



































M  3 *  	






G   /$"	/ 	
 

  5 5 	
(3 * /$"	/ 5 	  / 	
 F  G   " & 5 O

 	3 ( 	 $ " / 	
 F  G  	   	/	/




* /$"	/ (   		 	
       	






G  (  $ 	   		  





















G F  O
 
M G3 */  
 O

M   	 F 	5








/ $ $ $    	  	 	

(     " 	  		 3 ( F N   G   (    $
" &  	   5    /  	  /   	
$    	  / 	   	 3 "/ 3 	5  	$
	
  /  




M    O

M 3 * 

 " " 	
  $	&   $ 2 	 "  5 3
0 O

 	   /  1/	 	  / 3 *  $
/		 $ 5" /	 
	  " : "  /"   
2    	/	/ 	3 * 
	/   	    5 	 	 
  3 * 	/ 
	  






  33   
	 
	   	    	3
% "  
 
  	/$	 $  5 2 5     
	/ 	




/	/ 	 	  	3 -
" 	  		 /  








G3 - "	 "/" 

 5 K	 	/L $  	/	/   5  
 5  	/ 	
 5	 	
F/ 		G  5 5 
S
3 * 	 F3.G  	
S















F! N " GG
0 / $ 







  "   "   $ &   		 
S
F! " G M !  O





 " /   	/ 5 5 O

 $	 	3 -
 O

 	  	 / 	  $ 3 -    
	 	         # 	





   /  	  / $
S
3
(  	/ 	
 5	 	   .	/  5  
S







 	   	9  
S








#      / 	





  "/ 5 ! M    " M  	 ! M "    	
 5 
   


3 * 	 	




  / 	

3 */  		 	
 	   1/   
	" 	 	 2	 	
   F;J<  ;,<G3
(  	&2	 	

S
   	   	 	
   	
	 
S
#  	 3 */   /$   / 	   $
  	    	
 2& 	 5 /	 " $  /
	
  	3 *    5   /  "  ;(,<  ;,)<3 / 
  	5  ;,)<   		 	
 2& 	   2&  5  33  

  	  	5 	  5  	    5  $ 	3
- 	 "/"   		 	
 	 	
  / 	 "  1/$/
	2"/	 	
     	& 	$3

,    $  	     $/ 	5 
 O

 	   
1/	 	
  / 	 





 	  	 	









/"  / 	
    	/	 F
G 
	 /






























*/  	   		 
 
F G  	  
 
F


















   "  	 	3 4     	 $    5 
 
F






  	3 * /$ $         	 	  	 	$
F
G3 -  "	 "/" 	
 /	      $  "  
$/ 	  / 3 * "	    /  	  2$
F			G   $/  	 "	 	/  	 	$ 		   / 3
*	 /      	
  "	 	
  	& 	2"/	 





  /   5  2& / 	
    
   		 	
  "  $  	3 ,	 $  5
5 		 	 $ 
 
    		3 * / 	   9/ 	
" 	
 
	   	  " $	/ 	$  	3 *   
 	
	       		 	
  " 	
 	 5 $ $  $/ 
"    	2"/	 	/   $ 	 	/   	/ $"







  %     		 
	 $" 
			" 	
 	 		 	
 	   3 * /$	 "  $
 	/	
	 $ 
	  	 	
 5 /
/ 
	  	  
		53 	 $	 
 	 
		   ;%< 	 ;%<3
,   	 
	 $   		 	
 		"   

   	
2 		 	
 	 % 	   5   		  6	    
  	
 	 F /G 	   5   		  	3 	

	    $ 	     		 	
   M $
 





H ;  < 























	  M    FG   	
  	   	  
	




F G     &





FG     &

FG	3 *  
2 	 	
  $  	   
 3
,  	 	      	
  $ "	/ '

3 * "	/ 




     





     T

























	   F;%<G3 ,
	 
	 
 	  1/ 	





  "	   $  	$  T

3 *5	 $ 5	   	 $
 
        $ "	/  33   	  $ 
	





   $ 	   	 1/   		 5
	9	  3 * 		   	     

$  M * 
	 	
" " *3 -
 5       	& /$  	9	 	
  		
















   M 3 * $ 5	 	 5    
	




G  	 	  	9	 3
* $ 5	 		" 	    	: 
	  / 	
  	9	3 ,/

	  	   	"    7    3 ("






 	 $ 
FNG

  5 	5   

3 -
  	  
	  5 T

3 )	5 	/ /5  




 	  

  	     3 *     

 	




  & 3 -  	 5	 	"   	
	  		 	
 ;%<   		     
/ 	  "   $
5	 	 	"     /  $3 0 	  	5 	
		 $/ 	/  $  
	 6 9	  
     	 / 	 /6   

5  "	" /53
0 	  	 6   $  " " 	   
 $3 *5	  $   

5   	   
 	
 $ 	$ 
	  	 $  
		  2&  	  	 	 /
   33      	/	/ 
 	
  $ 
	








3 * 	   $ "	/  	  	  5	 
$  1/ & 5   " 1/ $ 5	  33    
 $3 , 	 	
 ,C F;%<G    1/ $5 
 $  $ $   	
 9/  5	 7 	
 
		 $ $ 
	   $ "	/3
%/ 1/  $  " 1/ $ 5	  5  
 /	  5  	 7 	 "   $ 	   	3 -
 
	 	     	"   
	  	 	 $ 


	  	/   $ 
	 

3 (  	 K"		L 
		 5 $
"  $ 5	 1/ 	  	
 





  5   	 	  1/ 	
  $ 5  
	3 (  $   
	 	& 		 5   	
  		 
5  	 &  		 	
 1/3 -
	  5	 $ 5  :
	  1/ 
 	  $ 
	 	  	    
		
 	  	6	  
		5 $  
		 5 2& 	3 	

	  5	  $   

  















G	  1/ 5 2&
	 	 

3 ,  "/ 	5   $   1/  
  " 	9/"  	






5 .    	
  $ "	/    			 ,3 )	 
 " 	
  	9	   $ 	 $  Æ  	
     	
  $ 	$ /"  5 	9	   	9/" 	  	"3
(  "	   	 / $ 	   			" 	
 	& 		  			"
 1/  $   $ 5 $ : 	$ / $
  
"    	$93 * 7 	
   " 7  
  	$9 	 $ 9/   $  $/  / $  	9/" 
  $ "	/  33    		 	
   	9/" 	  " 	 F /
	9/" 	  	G3 * 	9/"  5  	      	&
  		"  	  F
3 ;%<G3 	  	





  	 	   $  $/  	 
/
		" 5	/ $ 
  3
 ) *   	  	 - "" $ 	  		 	
  	 	
  2   5 	/ 	 
	/ 	   	




M  3 ,
    5 2&  / 	







	  /	   	$ 
	 F3G 	  	 	
   / 5 	& 		 3
?7   		 
	





5 	  3 " F3.G   		 F
G   	/	 	
  : 
 		 	
   	3 */ F




  	3 -  












































*/   
 





	 	 M  F33    $
	





	 	 M 3 ," /" F3.G  
  	"  F























* 	& 		 "   $ $ $"  		  

 "














 	  	 	   
 M  	   	 	
  
 M     
/   F
G 	 	  	/"  	
  	   
	 	 3 */       $ 	    5  $
"   	
 '

   	/ /$	3
* "  	  	 $ 7"  	 			" 	 	
 53
-









	    	 	$ F
G  /   	 /
F	 		G  /


3 * 	/ / 	 	/   $ 
	 F
G  1/




 0   		  /












    " $ F.3G /" F
G M 0F
G3 *
 $ 		" 	 0   " $ F.3G3
* 	/	 	
   $ 		" 	   $ 9/
1/  7	5" 	
  	" 	
  3 ( 	/ 5  
	  "





 	 "   $   3








GG  	 1/  5 4FF
GG M 4F





3 */    	/"  	  /












  "	 		" 	  	" 	
 	 	
      	
 	 7	5 5    
	3 * 










  	"   F


G  	  	"  4FG M
4F






G M    33  
  	3 */   	" 	    	
  	 		 	  
 $"  
	3 0 5   		 	
  	"  /  	  	
	
	3 * 2  	
 
		  	 
  "	 $"  	" 
 	  5 0   "	 3 - /     5	 	"
	
  "	     	 	$/   "	 	  $3 */ 
	 	/ $ 	
 		 	 / 	& 		   /Æ 	 	/  "	
		" 	  "	 3 ,  	/	  "   & /$	3
*  5	 /   	 $ 2 $
	 	" 	 	  &3  
/7   		    	 "/ " 	 
	  	 		
	
  	3 	5  ""   	 	 F
G 	  / 
"	   $ 5	    		3 * 		 	 	9/""
 5	   $ "	/    $"/   $ 	 /"  $
3 * 	 /    // "	 	
  $ "	/ '

	 7 7 	

5 9   	"  	  /$" 	
  3 */   ""
 $ "	 	  	"  5  	 7 	
 5 	&  	 5I 	/
$ 5	 	 	  			"  	
  	   	 5    	
        "  	3 	5   
		  $ 	
 $ 7	5"   		 	
  	   " 	 	
  $ 

		5"  3
 )"  	 ! "/ .3 	5  	"  
	    	
 "/
33 *  	
 /$   	 	
  	"   5  	
 	 
	"3 ! "	    /$    	5I 	"     	 	

 	5 	$/  	 "	 

	  $ 5	3 =	"   		
	 	$/   	
  "	  T

3 * $ 5	 		" 	
 		 0F








  "/ .3 5    "	  5 $   "/ 33 %"





G   / 
 	3 ,
 	   	 
	 
 	 "    3 * 2 "	  	  $	
 	 

    	$/  
 
	  $ 5	3 	" 	 	6	   &
"	  	$/  














 $  	:3 * $  	5  "/ .3  5 
 $ $	53 % &"  $ 5    		 		 	 
	 	" 	75 	/  	    		  			"  
   	 	" 	 	/   	753 * $	  








"/ .3 	5   9	 	





	  3     	& 		 		" 	  "
	 	$  /  $/   		 : $  /
	 	  	  /Æ 	
7   		 	
 	 	
  	   












%& ) * 	"   "	  
	  





%& ) #	& 		 
	 "  	
 "/ 33 FG *
9	 	
   	   3 F$G ? $ 	
 
		   
 	
  	 	&3 FG  $ 	

 		3
$ 		" 	  	& 		   
 	
  	 	&  " $ F.3G
 F.3G3
* 	 "	 ,  %   =  	  	3 * $  $  	

 "   1/ 	
  "	  		 	   	
 	 	"
$	/  	 	  	3 *  	 7" 5   	&3 *  	

	   	   		  	  	  1/	    	
	






G  	  " 	
  /	
	
  " 	3
4    		   	$  	 5	  	3 2  	 
 	 		 	
 /  	  	3 -   
	 "/ .3 
 	 	$    "    1/ 	
 	" 	
 "	
    /    $ 5	3 *
	    		 5  "  
 
 			"  	
 		3 	 "    	
 		   $ 	/	/

	 	  	 F33    			G  /


 "   $I 			
		  	 : "	   $/  & 	" 	 	
  		 	

	"    	" 	
   "	 3 	 	 	 	

5  
	"  		 		 	 
	"   $3 * 		"
 $ 	 " 5   	
  "	 	/"  	3 * 
	  5  		  	/"  	  5  	 	5    	/ 		

		    	 	
  	3
* /	  	5 	"	/ 	  / 	   5  
		
	
  	    	 	
  	 	 	 "  / 	
  "3
	5   /	   	 H 				 		    " $/
	 			 		 "   $3 - "$ "/"  
 2&"  $ 	










G  	  $ "	/ 	    '

3
,	/"  	 	$    "    $    	 	
	   	     $ 	
  	 	$   " " 
 "3 * 	 "	 	 6	   	  	 2  	$  
&3 */     	
  / 	& 		    "  $
 :3 - 	  	      7  "2 :
  		  	$   $ 
3
 )) *+ !  * /$	 	  		  	 "  $
	  	 		 	
  	   "	 3 0 	/ 	 
	 	   	




M  3 &  / 	







	  /	    3 * /   	  " $ F3G 	 
	 	
   / 5 	& 		 3 -
 O

  	 /$  F 	5
G     	 /   	     3
% "  	& 		 
 
  "	 $   	& 		 
$ 5  7"  	    
 
  F   
 
     5
	/ 	  	    M G3 !1/    "/" 	
    5 
	 	/ 
 		 $   3 ," 5     $ " 	
 
 	










































 5  	 7"   /$	  	    "	/  
 














, $ $  		 	
   	
 	   3 *	   
		 	         			" 1/ 	  //
	&      	3 * 			" 1/  6 $  	
	 
2 FG M &FG3   	
	     	/    
	 	
  	/  	"   	& 3 *	 /   	
 		   $
	  5   	       		 	
  		   3
 
*/   

 	






































G   
F..G
"   1/    	/ /$	  5 	  $ F	5 	 
	/
G 	   		 	
  	& 3 ," 5 /6   		
  	 /" F.3G 5  "	" /5  5  /"  
	
 " " &3 * 	
   	   / $  		 	
  	$
F




	I   5     1/3 *	 &
  1/	 
	  2 
	/ 
/	 	 / $ 3
 
FG M 2 FG 3



















GG M 2 F1
 
F
GG    F	 G




FGG3 - 	 	 
    1/	 	 	"  9/ "     /  5 " 
		" 	 	"  3
*     















G  	  		" 	" /3 * " " 	 




  5 		 	  	 	
  	
F3G3 )	    	 	"     	" / 	  	3 *
  	" 5 	  /    "	 	
  $ 5	  33
    /   " "	 3
 ), 	  ! 0 	5 
	  /	 $   .3. 	  
 	5  "/ 33 ( ;(,< 
	   	   	  &3 *









5"  M  N   






















%	 	    "  5	    M .   M .3 D5






















5  2 	 	  F	G  F. .G F .G   F+. G3 */
  2  F G	" /3 * 	/	 
	  	    
  	/ 	" /  	5  "/ .33 * /$    $
   5  	
 +
 
C  	"3 )	        M .









     		 	   	"3

































"/ .3$ 	5  / 	
 	/"  "	   5 $  /  
		   "/ .33
 
1-3 1-31-31-3

















































%& )" FG =	" /  F$G "	  
	  
  "/ 3 F /  F$G  $ 	 
	 
G3 * 	 $   4 		 	  	 	

9	  &   &3
-  	 	 	    	
 "/ .3  	  	  	&
		3 =""  	9	  / 	 	/  $ 5	/ "  
	" /3 	5   $   	/ 
	  		   / 	 	9/"3
- "$ "/"  
 2&"  $ 	   1/	 F.3.G F/" F
G 	 
 " 		G  $ / 	 2  			 	
 
 








)	5 2  "       33     	 		 	
 / 
	  	3 ! 	 	$   " "  	   
$I      	 	/ 	
 *$ .33 )	   	   $
"	/  $ / 	 
  	
  $ 5	3 * $ 
	 " - 
-U 	/" U--- 5 	/ /" 	 9	 5  		   	
$ 4  "/ .3$3 *  		 / 
	 " -- 5   	 $ 3
 




























































































































































































* ) *  $  */	)  	

 " 
	   	5  "/ 33 * &	 	
 
	 /	,		 F,G 		  "3 -  2
	 F
3	3G    	  3 *     	
 			" &	   3
,    5 	/   $ 		" 	 " -  U---3
* 	 	$  " -  	  	 	
  /  
	 
 	 "3
*	 	/  $  5 		  	 $ 4  "/ .3$    	3
	" 	  " 
	  	 5 2     	 5   
	5 $ 3 *    		 	
  9	  /   	"
	
  5	 
 	     $ "  	3 /  
 9	C 		  		 	  	
  	5     	" 5 

 	  
	 	
  " 	3 */   	
  2 	" / 	$/
  T
 
	  $ 5	 	
  9	3 =	/" 	  "   9	
  	" / 	 5    	5 $     	5 	  
	 		 	  3 */   		 	$/  T

	  $ 5	 	

 9	3 =	/" 	  	 	






 	/"  " " 	
      2	 5  

" 	5  / 	   	3 *  $ 5	 













































* 	 9	 
	 " U---   		  	 	 	
 " - 5
 / 			" :    $	5  	 

  5  	  N 3
*      	 	
  	   	 		 		" 	 "
-  U---  	 			3 %""  	 9	 " " U--- 









 " -  $/   		 
	
" U---  $	5  	 





&    	/
5     " -3 *  $ 5	 















































/ 	   	





















   "  *$ .33
0 	5 $8 $ 	 	
  		3 -  	 5 5 / 
5	 K	&L 	 
 	  9	 	


















  	   +


 	  	&
   $/   7 7 	
  		 	
  	"3
%
	 "  $    /
/ 	   	/ 
		  





     / 	 	       		 

	 	  // 3 */      $ 	" $	/  
" 	& . F33    	"G $ 		 	/    5  /
  	6	 	 $ 	 	 	
  		" 
 	
 	   "
	 3 - 	   $  	$ /"  
 	
  	 	&  	  
/  	&  5  	 	/  	"   /   		"
	 	&   . 5 5 $ 3
* " 5   $  	  	  	  --- 	/" #---3 *
	& 		  			"    "	 ,  %   =    H  
	
 	  "  	   	 	&  /	3 *  	 		
	/  	"I /    	  		 	/  3
* 	& 		 		" 	 " U 	  	  		 	/ 
 F "/ 3G3 *   $  
  	 	
  	  7
5  
 
 	  5   	" 	
   3 !&"  " /$$
	    	    	& 	 $	/  	 	 	   	75
	3 *  		         "	     	/ 	
	 
/ 		 	
  	   "	/3 * 		  " -U    $/ 
/$$  " :H 	    	 $	/  	 	75   
	    	 75  $/ 	    	 	 73
* " 5  &  $  -  --3 *  $ 
	 - 
	5  "/ .3.3 #	&  	   	/  	" 	/	75 
	&  	 5  	 	/	753 * 		 7  KL  2&
	& 3 -  " 	    		 	  	&  
 "
  	  "   	&  
 5	 I  	 7 
$	5  		 	
 	& 3 * 		  	5  "/ .3.  5 	 	& 
	
 " 	 




   $ 
	 	  3 *  $ 	
  		
	/ /" F.3.G  F.3G  	5  "/ .3.3 * 		  " --   
$/ 	5  		  	75   "	 	/ 	&   5     
"	   	 	
 	&     $	  		 	
 	& 3
* 		  " U-  U--   U---  /Æ 	   $ 

  $ 	 	
  		3 D 
/ 	
   " U-- F "/ 3$G
   	&        		 5  	  	 5	 
5  	 $	/  	  3 * 7 	
  	
 		  $
 $  		 	
 /$ 	/   3
 )- *+ !  * 	 	
  	
  	  	 $ 
	 	& 3 0 O

M   	   / 	  F3G 
 







%& )) #	& 		 
	 " -- 	
 "/ 33 FG *
9	 	
   	   "	  F	 	
 	
  
  	5G3 F$G * 		   

	
  	 	& 
	 	  3 FG ? $ 	

 




$ 5  7"  	  	/ 5 5   $	 	3 * " 	$ 	

    	 	$ F
G3 * 	 	$  $ / 	 "  		 	

  	 	  	/   	   
 	
 	 	
  	3 	5 
 	 	      	 $ 
	 	  		 	    
	 	 / 	  		 /"  $ "	/ 	
  	/3 * "	/ 	 	 
"	 		" 	  5" 	
 5	 	    // $ "	/  $/
 	  "	 $" 		  / 	/    	"/
	
  	/ F ;%<G3 */  $  	 Æ/ 	 /63 	5  
$ 
/ 	
         "	 	/" 5	/ Æ/3 -
/   "  " 9/ 	 $   	  $ /   




 ,   	
  *	+.	 
* 	 	  	/	 	 		   */	) 	 
	 
	  / 	
  	 			 " $ 	& 		3
*  	  */	) 	  " 
	 	/ 	3 0  
/ 5	/ 		
3 *   /" 	 	/ ;*<  ;?<  	 ;=%< 
	  	 $
 	 3 	  / 	
   	 	
  */	)
	   ;%<3




  			 	/"     2 /"  	 	

	
     " 	 23     	



































M  G3 &"   
   
 






















 %   2   7   			 	
 




















   $ 	 $  	/	/ 
 	
  % 			 7

  
  ;  <3






  *  %3 * 		
	
 			 		 	 7  %    	 %  

   3 * 2  % 
 1/ 5 $   		 	
  		 	
 	 	3 -  	
	 	 	   % 
	    	   % 			  
			 	
  //  

 %3 *5	  % 			  		




*    		 	   3   8/ 		 ,

   		 	














   % 			 
 		 "   $  5 	  %3 * 			 ,
 

		 	    % 
  	 
   $   $ 
	 	 
  $  5 	 	
 9/     	 	
 %3 * 
   5   $ "      
 $ "	/  $/   	  	 3 =	   		 "  	&
		 $ .

FG M  &F





&  H  M      	3 *    	 7    $  	
  		
	









/    $ 
	 	 
 $ $ 9/ /5"3 -  7	5    $   	5
















       $ 5	 	
  





& 5  		"  % 	
			  		 	  3 )	    	
 '

F33     

















-  "   		  $ $ /"   3 *5	  % 		
	 7  .  		 
     			 , /  ,  		
	    . M , Æ 7 3 -
 7  .    	
 8/ 		    
		 
 5  	   	  . $ 2 	5"  	 
	
7   
		5"  $  8/ 		  7  	 	
 % 2& F2
		 $	/  	 	
 %  	5G3 "  /      5	 
% 	 			  		 
  	 





3 - : "/"   		 	
  % 		  
	  "	/




  5    /$ 	
   %3
0 	  	 	5 : "/  % 	  	& 		 5 :

















 		 	 7  %3 */ 7  .  		 
  " 	
 		3
* /    5	 	 			  		 / 	 	9/" 
 
	 






 , * *	+.	 	  * */	) 	 	 		
	  			 /"  		 3 * 	 	/   
		     			 5  	5    	 F*)G
  3 * *)			           		
    $	  			"   3 */  	 5 /
 			"   	
  *)			   		   5 7	5 
  			" 	&  / $     			  
3
* *)			  	
  $ 3 * 2  	 	
 
     
		 
3 *  2 $  	   
	 	
 (      		 5 
   1/   3 * 	  	





			3 * 5 $ /  "    & /$	  $/
  	
  , 			   		   	" 	 
	 
 	
  	 			3 * 2  	
 *)			 
	  5      		 	
  9	 		 5  	
  		  / $  /$ 			3 =/" 	"  		 
 		 	
  /
   	  	
  /
   /$ 			
  2 	 	 ,3
, " 		   	  *) 	
 	 	    /  		 
  ,  2	  	 /$ " 	 5 7 	
 *)  	3 )	
  	9/" 	
  *)  	  *) 	
   3 */  /"  / 	

 	/ /$	  	  	 7 	
  *) 	
  $ 	  $ 3 *
  	     *) 	
  $ 	 		 3 4 
	"  /    5 /Æ 	 	     	/ 	 	

 "	 / 	 %   F;%<G F
3 ;<  ;<G 5  "  $
5	    *)3 -  ,    "	 	//  		 
  $   & /$	3
 




	 " 		 	
   $     /


M    	
/

 2 	3 0  	 /

   8	5  	
  		 " 
	& 		 $ ,

FG M  &F
G3 -




 /   






   
 









   7"  	 	    













	        3 ,  / 	
 %	/5
F 	 3  ;%<G    2 	 			 	
    	9/"
	 " 		3 *    


  	 2	 $ 	  3
	  "	   */	) 	 	  	 
	 "	  
 	 	 // 	 	  	 1/  
	 		    	 	 	3










M )3 *  / 	
 ,&
F = U#  ;<G   5 %  	 	 6	     	 	 		
I  		" 			 	
    		    	 	

 
*   =NN 	 	
  "	 $ *	$  F5  0	5 

G $ 






    ,		  	 	 F/ 
,	CC  G  	 	
  $ 7	5  /		 & 	
 	 
3 ?/	,		    "6	   & 	 	 /
 /  
// 73 *   	
  	 	
  ,		 3 , ,   
/
	 &	  		   	 $  
	 83 *   7	 	
5 	 & 9  	5 	 	 	   	
  ,  3 *
" "/ 	
 9   " 
	 8 (    /$ 	





3 *  5  5  	   $  		  
$  	 	
  F;<G3 * 		 .

   .  	  
: 3
*   H       			  	  	     .  		
	       	 .   :    		 		  	 H : 9


	  	 Æ .

M  Æ 	    	    	 	  	       	 	 	
   	  	 .   	FG M 
*/    .   		 	  ,    	    
	9/" 	  , 3 (   	  		    	
 .    
	  	 	
  ,  3 */  
	 &   &	 "	5  	

 /$ 	
 2& 	 	
 .

   8    			" 	 	
 .  "
 	 1/ 	 	"F8G3 )	  	"    	
 . 
	 $" 	
	   	
 I  	  	  	5 $	/3
, 		   /
   			 	  
  	 $ 
	 	  	  
//  	  $	/ 		3 ,	 $ / $	/ ,     "
	
 			" 	 		 "	5 7 8

/ 	3 #  	9/"  
   "	5 / .3 -  	 	 	   	 	   
 .  /	 &	 1/ 	 	"F8G 53 D 	 	$ 
	 		
"	 	  .   "	  / 5  &	   	"F8G F
3
;A<G  $/  /  /	 	   :   5 	/ $  5  	 
// / 	  3
(  /$ 8  $ 	/ $  % "	   $ 
$"  		   1/ 
		 $	/  			  
		 3 * % "	 	 /  		 "  
	 	  	 	  

		 	
  "3 * " 	
  " 
	
 7	 	 
	  ,     

		 	
  " 	
 	 &  5   // 	
   
		3 * 
		 
	   K 
	 L 	
  , 3 * 	9/" 
"  	5 $	/ 	 7	 






 - *  	0  , 	& 		 
 
F
G  $ 	$ $ 	" F3G  
	      $ /" F3.G   	 	/	 F
G 	
  / 1/	 F3G3 *
	& 		   /  "  	 2 " $  "   	
 F3G3 *
"	 	
  /$	  	 2  ?	B  5	  $   	/	
	
      	 23 *    	/	 
	
	 	 23 -  	 $  " 
	 	 / $ 	 	





 N  G M 
 
F
G N $  5 $    
	 5 F
G3 *  	  	  	  /
	 " 
 5
	 $ 3 -
 ; F 
G 	  "   	
 F3G 		" 	  " 	&
























G M F I 
	
  G $   	 7 $
 		 	
   
 " 
	 	 	    " $ $3
,   	/  $ 7   2	 	
 7   33   7F
	
G M F I 
	
  G $
5   	/	 	
 F3G3 ?	   	 / 7 		 	  
   	" 5  	  $/ 
 	 " / 	
   
/ 	   		  	  	3 ,	/"  	 2  	
2   		 	
  	   			 7  $ & F	/	/ 
	 :G 	 7    		 	
  	  
 
F G  2& 	3
-  .3   		 	
  	&     5 
	 	  
/  	" $  	
















 - * *.   & ,    .3   .3.    	 	$   
"   /  "  	   $3 % /   .3    
  		" 	 			    $   5 	5 /
	 7 	
  *)  	
  "3 -
    ,       3    	
			     	
 3
-   	
  	     	 5	 $    	 	

"3 - 	 	
     	
 	 	 	/ 	 	 5  	 	&
 /	3 *   /$   5  2	 		 	"   	












    	 			     		 	    5
 		 	 	
 /5"    " 		I  			" /	
5 	  / $  	3 ( 	 ,  	 		 
 
		 
	  */	) 	   	 	 	  	
	     3 *    	 	  /
$ 	" 	   			" 	




* */	) 	 	 	  
		 $	/ 	 
/ $ 	& 3 * % "	 5 / 	 	/  *) 
	
  	/ " 
	 "/ 33 "  $ "   	 	/  / 
 	/ *)   	5    	/ 	
 *$ .33 0  "  , F	
  , 		G   &	 	  "   " 	/3
* "  	 	  --- 	/" #---  		 	   	
 	 5
	 	/ 	 	 5  	  /	3 ,       		
 	
  	 			  /$ 5  2	 		 
	   	
 " 	3
-  $ 
	 " U 	5  "/ 3    "	  	 	 7
5  
	 "3 * 	5   		" 		   /$ 5

 /"   	   "	 3 -  /"   


















  /"  	  '

3 * $
     $ 
	 "	       5    3
*/  
	 " U   		   /$ 5  2	 		3 *
$ 
	 " -U  /$   5  	  	
 " U  $/   /"




324 41 3 23 24 1 324 1
%& -  $ 	
 " 
	 "/ 3H FG
4" UI F$G 4" U--I FG 4" U-3 * $ 	
 " U-
 	 	      .  	5  FG    
/	 	
   		 	
  	  	5  FG3
* $ 
	 " --  	5  "/ .3.3 *  	
   		
 "/ .3.$ 7       /$I 	  	  		 
/   /" /3 *  
	 " -  3
* $ 
	 " U--  	5  "/ 3$3 * $ 7    	
       		 5  	 	&    	" FK	&L
.G3 * 	 	 	/  	 	  $/   $ 	   /" 3
*	 6   	/  /"   5 7 	
 1/6"   	
 	
   	  "   	 1/  5  	 	













	5  "/ 33 * $ 		 	  ,   
	 5 8  '3
4" U- 	   ,  5 8  '3 ,	/"    /$  
 		" 	 	&    
  2& 	 	
  ,     2
$  	  3 *       
	 " U-- F "/ 3G3
*   " U-  	     & /$	3 *  " 

U---  5  , 5 8  ''3
 -" 	 !   
	 	   *	+.	 
,  &  5 $ 	 	
  / :	 $  */	) 	 
	
	 			 	" 
	 	& 		  " U-3 ( 	/	
 	 	 " 	
 ,   5  / / 	
  	 "
	Æ 8 /$/ 
	  8  '  	  " U-3 %" $ 2&"  	
	$ F
G  " U-    		 
 
F G  / 	$  		 	
  
	    33 * 		" 	 			  	 7 3 0 
	/ 	 7   			 	
  "	      	 

	 
	   	   $  	
	  2 3
"  	 	
  3   	 





"	5 5    7 '






 	      $  	& 	 2  
 
	  / 	   		   	  	    3 0 	 7	5  




- 	   			" 	 	
 7    	"F'G3 *   7  
$	  / F   	
 ;A<G 5 /	 &	 	"F'G  $/
	 
		  $ ""  /	3
, 	    	
  .3  	/"   	 			 " 
	
	& 		  " U-   	     	
  	 $
$  			  " 	" 		    "3 - 	 




  9	 	
  	 
	 	    	 /
3 "/ 3 	5   $ 	
  "3 "/ 3 	5 9/ 
		 	
 	      	" F33   K	&L .G  5 "/ 3 	5 
 	
  		   
 	
 	&  
   $ 
	 	  3
* 
/ 	
 	    9	 	
 	&  	 
    53 0
	 	  
	 $ 
	"     	 	
 	& 
  	"3 *  
 	  
    		  	
 




  8/ 	 $  / 	  	
  
  3 * 
	  	 			 	 	   
	
   			" 
	3 -  5 7	5  "  
	"   $
 
	  "	 	
 	         			"  /  
      		 3
 1 '	 	
 		
* "	  			" 	     /   	

  	
 	&  5 6	  /	3 " /	   	&
 5  		 	"	

	 F	G 	 3 * 
	    / /$	 	 "     	/	 		" 	
 " "  			"  	& 		  $ $ $3 */  
$ 	
  	& 		 	   			" 5 	
 "/"  $"
 		  	/ "3 /   	 	
  $ 	  " 
 			" $ 	
   	  " 	
  		3 	  	

  2    $ 	 	5  "  6 
$ 5  	
 	 	 	/ 	 	3 -  	&  &    
/  		 	
 $  "  5 	 	




  	& 		 	 	 $  			" 	
  		 $/ 	
	   6  		  	
  	 			 /
  /	/" 8/3 -   &    	 			 5	
		   	
 , 3 *	 
	  */	) 	 /  
 	   	  	 1/ 	5 $	/ 
	  	 
	
 / "3 -  	 	 	   
		 	 	 
	  /$	
	
  "/ 		  $/  / 
	 	    	   "	$ 
			"  F  /	 	
 		 	 7	 	  	 
;%,(<G3 -  ,   C 	    :    8/ 	 5 
  	   	" H    	" $  /$
 	
 2 
    "	  / /	 	 : 5  	 /	
&	  	  	3 /	   	 	5 	5  
 			" $   8/3
(/ 	" 	/	 
	   /   1/	 	
  
	
  / 	  2 	
   6 3 - 	  5  
	  &	 
	 	 " 	&    5 	  / 
$	/ 5		 8/ 8	5  "W
 	   & 	   K"L  5   	
 
	&  5 6	  /	3 -  2   & 
	  
5 "
  ""  / 	
  /	 	 	 "  $ // 	
 
/   		" $ F ;,
<G3 	     O

	
	5    F2&" O
 
M G   /$ 	
 "   		 	
 
$   F ;,(<  ;(,<G3 0  &  /$ 	
  
 	 
	/ , " 
 	  	 /Æ 	5  3
* & /    	
  / 	 " 6	  /	    M 
	3 * ?		 $7 	
  5	 		 	
   /       1/
	   /	 	
  	& 3 */ 5   /	  6	   "
  	/	   	  	&   $ / $  	 F	 . 	G3
(  	& 	$/ 	 	  
	  	  5 	$  	"	

	
	 3 * 5	 	 	
   	5 / 	 2 " 
 $3 -
   	6	  /	 	 	   	  /	 
 	  5 	  	 	3
 
(/  	 	    /$	
	 "  // 	 	$ F  	
 / 	 	$$G  	 	3
*/   	 	
  	 	
   
3 	5  & 
 &	   ""	

	 	    $/ 	

	 	$    &	   	 	$ F  	
 			"G  	3
! / 	 	$ 	
  /    		 	
  		 	

	   	 / 	   3 	  	 		   			"
 















3 * 	5  /	 $ 5	 	 
	    5   /	 
	6	3

 /  "	 	/" 5  "3 0 &    ""	


	    5 $  $/ 	
 	 	$ " ,    / 
			" 	 	3
0 	  	   $	 F  	
 /G  ""	


	 	   /  3 -
  	&  		" 	 
/ 	$ 	  	  			" 	 5       
 	 	  /	/" 8/  " 	
 5  	 / &
 	   		 	 	3   	
  8/  / 	  
	
 	 	      	    " &	 "3

	/    	 
	 	$" "		/ 	/	 $	/ 		
 	 / $/ 		 	$  	  
/ 	3 D 	  	
7  	/ 	
  	$ F
	  			 	
  G  / 		 
 	  	   F;%<  ;<G3 ,	 	  	 	 
	$ 
 	 	"      	3 * 
		5 5	7 	
 ,	C F;,<G
  F;<G     $ / $ $/	  ?B	/ F;?<G 	 	$
 $/ 	   	 	5 $	/ 
	   	&3
*  1/	   	 	 	&    	" 

	 
// 3 ,  	       "   	&  5
$ 	 	&   & /   / 5 &$ , $	 
$/ F
3 ;,%(#<G3
* 2 	$	 	  	 	
 	/ 	  / 
	 	 "
5		 8/ 8	5 	 
	  // 	  	 	
  	
	  	&	 	 "	 	
 	 	3 * 		 	
  "	
   $ 	 5 	 	& 3 */   		 	
 
	 	  $ 2 5 " 		3 * $ 	 "  
" 	  			" 	
  "   	/ 1/ 5 $  	  		
	
 	& 3 * 		 	
 /$ 	
  $  $ 			" 
 5  "  		3 ,
 /"  " 
	 	
5 	 7	5  8/ 	  $ 8/ 		3 0  	 	& 

5	7   8/  	 $  	 			3 * 8/ 	
 
"  	  			" 	
  8/ 		  /  
	  $  $/
 	  	$	   6  		  	
  	
			3 * */	) 	 7    / 1/ 
			" 
		 $	/  	 3 */   	 	 
 
		 $	/  8/ 		 
	 	$	  			"  $	/
 		 	
  " 3
- 	 	 	 	  	&     	 8/ 	  / 
	" $	/  K(	7L  (	7 8	5   5  8/ 		  /
$ " 		 5    	 $ 
	 	  $
& "3 * 	  // / 
	   !/  
33   	 2 "   8/ $  /			/ "    
	/
	
 	3 - 	   	 	
     / 	$9  I 5
	 	  : 	  8/ " 
	   	
  8/3 */  
"    5  
	  "" 5	H 5 
	/ 	  		
  : 	 8/ 9	   		 	
     8/3 0 
  
  			" 	
 KL 		  	 	/"   5 / 

&	 "    	 3
-      	 	      5		 8/    	 	
/ $	  !/  ""  	
  " 		3 - 
    	   	 3 	 &      	

	 	    	 		    	
 2 	   	 
, "   $   /  	 	  	 /3 D 
	     &" 	
  	/ 8/ /  ;%,(<  5  	  	 
 			 /"   	 			   , 		   	  
 //  / 	
  , 3 */   "   	3
- 	   2 	 " 			 /    
	  
  7 	 	3 - 	 & /  ;,%<  	 
  	/ 8/  	  	 3 * 	/ /   		
3 )	    	 	 
	  		     	
 /  
	 	" 	   , " 3
0         */	) 	 	  5 	 
   8/ 	
  			" 7 	
  "  	  
	
  /	/" 8/ 		3 * 	 	
  			" 	
  " 		
 	  /	  /   		 	
 "	 	
 	 	  
" 5		 /$/   	 $ 3 %/  /"  ""
		 	
 8/      /$ 	 /  "" 		 	
  "
    	 	
   	 			" 		 
	  	3
$	
;,< ,$  43    J3!3  		 	 !  ,	0  '3
;,4< ,  3  4/  *3  * 	 	& 	$H 	/  		
/ "$  "		   !  2  '  .X+3
;,
< ,
  3  -"$  	  /$/ 	& 		  5		 8	5  
#  !  ,  '  .'3
;,
< ,
  3  *	& 		 5 6	 	 /	H ,/ F,/ 	
 $ )3 4	G    !  $%!&  )3  ''  .'X  3
;,%< ,
  3I %  (3 =	 	   (	7 8	53 ?3 / ' F'G 
	3   X3
;,%(#< ,
  3  %	  ?3  (  3   #  3  */$/  
	
  	
 	 	    	
    
 $!	 ' 
())*&     !  %7Y/  %  '''  X3
;,(< ,
  3  (  3 ,3  D  		 	
  	 	   	  
  !  ")  ''  X3
;,)< ,
  3  )5	  ?3A3  (  3  *	7  *3  # 3  #	&   
 !  "4   3
;,< ,	C  #3 -3  47 	 1/    +  ""  '  X3
;,< ,	C  #3 -3  ! 	 	    ("#"  ''3
;,A< ,	C  #3 -3  A  %3  			 	   	  , 
 (  ,  ("#"  ''3
;,< ,	C  #3 -3  * 	 	
    	  	 
, ! ,	  ,  '  +X.3

;%< %  3    3  * 7 
	 /
 			  			  ") 
''   'X. 3
;%< %  J  -  ./  ! " 0 	  , 	
  (/ 
?	  ?  '+3
;%< %  J3  D $ "	/  "	     !    ''  .X+3
;%< %  J3  $"	$  ,3  3  ?	" 	
  ,(-((-, J	 (/
4 =	
 	 ,C % 	/  "	 !  12  '3
;%< %	  ?3 *			" 	  /
   			   	  ,2 
X'  ''.3
;%,(< %	  ?3  ,
  3  (  3  *			" 8/  	
 "   
!  )3"  ++X .     3
;%< %	  ?3    *3  -		 $   	 	   
 	 .		 ! ,	  14  +X'  '''3
;=%< =	  ,3  %  (3  		  	 ,       	  	
	 3 (	3 (/3 *&  4  =$"  ?  '3
;=< =	  ,3 J3  */$/  	& " 	    "	   
!  "4 F(/G  '  (.+X(3
;=< =	  ,3 J3  (" 5   	&  	 	
 /$/  "	 !
  )  '  +X+3
;=< =	  ,3 J3  (/  	   	 	"  8/ /$/  
# .  -3  '  '.+X'.'3
;< /"/9  J3  			  ,  %	  -3  '3
;?<   ,3  /$  3  ?	/  #3  */&  */	 /  /
  
 1  --+-1  '+'3
;< 7  J3  /56  3  = 
	 7 			  7   "	
 !  ,  ''  'X'3
;<   3  * "	 	
 	 	 	 8	5  			  )  X+  '3
;?< $/	  J33I ?B	/  !3 !3   	 5 /   , $
"	/  2 	 	  + ,  4  '''  +X.3
;< $  ,3  *	5   
 	H 	 $ 	    /	
,		    	 #	 ,	 .		  (3 ,  ))"  ''  X 3
;<   3  	$ 	5" 	
 /	,		 			  2 	  3 +
 ,  ,  '  +X++3
;<   3    43  ! 	 			  5 / 
'3
;J< J	  =3  4 5      D&
	  ?  ''3
;A< A	:  3 43  '	  6
  ! / !/  */$  ++3
;A< A	7  ,3  $  %3   		 	  	  	  	   
=$"  ?  ''3
;< 	  ,3  =	/" 	 	$ 8	5 5 	&  
 #  !  1  '  X'3
;< 	  J3  ?/	,		     7   H  2 "	 
 	 .		 ! ,	  --  .  X.   ''3
;*< 4	$  3 ,3  *		  J3 3 *3  %  7	   		   
 - 	 3 "	  "  ''  .X3
	
;9< 9  ,3 J3  #	  /$/   	/  8/ 8	5  ,! #  ""  '' 
.'X3
;< J3  .  	 !  ( / )	 (  1)  =$" 
?  ''3




*< 	:  3 A3  *	$  ,3  3  			 8   ?	" 	
  -
*, (	/   =$"  ,/"/ X  ''  =$"  ? 
=$"  '' 3
;
*< 	:  3 A3  *	$  ,3      /$/ 8	5   # 
!  )  ''  X3
;< 	"	  43  *   $	 	$   $ "	/   	6" 	
	/	  	     ''  X+3
;	< 		  =3  %      # .  13  +X+'  ''3
;D< DC)  A3 ,3  D  	  	
 	&    !   "3 
''  +X+'3
;?< ?77  (3    J3  ?	 	 	  H $ 	
  1/$ 
 !   "4  '' '.X' +3
;?(< ?/  3 -3  (:  ?3 3  #	&   /$/   #  ! 
"3  ''  X3
;4< 4  43 FG   		 	  0	   			 	  	   A/5
, ?/$    3
;(< (:  ?3 3   	
 	    !  3-  '  .'X3
;(%< (:  ?3 3  %7  3 43  #	& 	   #  !    '+' 
'X3
;(< (7  *3  =	/	 	 5 	  * '  (	 / 
  2    ''  X3
;(< (:  A3  	  ,3  #	& "   #  !  )  ''  X+'3
;(,< (  3 ,3  ,
  3  		 	
  	 	   	 	" 
  !  "4  '''   X3




!,  4  .+X.  '3
;@< @$/7  )3 J3  =	/	 "   		   "	
  )"  '  'X.'3
 
 
List of Recent TAM Reports 
No. Authors Title Date 
 
 
928 Thoroddsen, S. T., and 
K. Takehara 
The coalescence–cascade of a drop—Physics of Fluids 12, 1257–1265 
(2000) 
Feb. 2000 
929 Liu, Z.-C., R. J. Adrian, 
and T. J. Hanratty 
Large-scale modes of turbulent channel flow: Transport and 
structure—Journal of Fluid Mechanics 448, 53–80 (2001) 
Feb. 2000 
930 Borodai, S. G., and 
R. D. Moser 
The numerical decomposition of turbulent fluctuations in a 
compressible boundary layer—Theoretical and Computational Fluid 
Dynamics (submitted) 
Mar. 2000 
931 Balachandar, S., and 
F. M. Najjar 
Optimal two-dimensional models for wake flows—Physics of Fluids, 
in press (2000) 
Mar. 2000 
932 Yoon, H. S., 
K. V. Sharp, D. F. Hill, 
R. J. Adrian, 
S. Balachandar, 
M. Y. Ha, and K. Kar 
Integrated experimental and computational approach to simulation 
of flow in a stirred tank—Chemical Engineering Sciences 56, 6635–
6649 (2001) 
Mar. 2000 
933 Sakakibara, J., 
Hishida, K., and 
W. R. C. Phillips 
On the vortical structure in a plane impinging jet—Journal of Fluid 
Mechanics 434, 273–300 (2001) 
Apr. 2000 
934 Phillips, W. R. C. Eulerian space–time correlations in turbulent shear flows—Physics 
of Fluids 12, 2056–2064 (2000) 
Apr. 2000 
935 Hsui, A. T., and 
D. N. Riahi 
Onset of thermal–chemical convection with crystallization within a 
binary fluid and its geological implications—Geochemistry, 
Geophysics, Geosystems 2, 2000GC000075 (2001) 
Apr. 2000 
936 Cermelli, P., E. Fried, 
and S. Sellers 
Configurational stress, yield, and flow in rate-independent 
plasticity—Proceedings of the Royal Society of London A 457, 1447–
1467 (2001) 
Apr. 2000 
937 Adrian, R. J., 
C. Meneveau, 
R. D. Moser, and 
J. J. Riley 
Final report on ‘Turbulence Measurements for Large-Eddy 
Simulation’ workshop 
Apr. 2000 
938 Bagchi, P., and 
S. Balachandar 
Linearly varying ambient flow past a sphere at finite Reynolds 
number—Part 1: Wake structure and forces in steady straining flow 
Apr. 2000 
939 Gioia, G., 
A. DeSimone, M. Ortiz, 
and A. M. Cuitiño 
Folding energetics in thin-film diaphragms—Proceedings of the Royal 
Society of London A 458, 1223–1229 (2002) 
Apr. 2000 
940 Chaïeb, S., and 
G. H. McKinley 
Mixing immiscible fluids: Drainage induced cusp formation May 2000 
941 Thoroddsen, S. T., and 
A. Q. Shen 
Granular jets—Physics of Fluids 13, 4–6 (2001) May 2000 
942 Riahi, D. N. Non-axisymmetric chimney convection in a mushy layer under a 
high-gravity environment—In Centrifugal Materials Processing 
(L. L. Regel and W. R. Wilcox, eds.), 295–302 (2001) 
May 2000 
943 Christensen, K. T., 
S. M. Soloff, and 
R. J. Adrian 
PIV Sleuth: Integrated particle image velocimetry 
interrogation/validation software 
May 2000 
944 Wang, J., N. R. Sottos, 
and R. L. Weaver 
Laser induced thin film spallation—Experimental Mechanics 
(submitted) 
May 2000 
945 Riahi, D. N. Magnetohydrodynamic effects in high gravity convection during 
alloy solidification—In Centrifugal Materials Processing (L. L. Regel 
and W. R. Wilcox, eds.), 317–324 (2001) 
June 2000 
946 Gioia, G., Y. Wang, 
and A. M. Cuitiño 
The energetics of heterogeneous deformation in open-cell solid 
foams—Proceedings of the Royal Society of London A 457, 1079–1096 
(2001) 
June 2000 
947 Kessler, M. R., and 
S. R. White 
Self-activated healing of delamination damage in woven 
composites—Composites A: Applied Science and Manufacturing 32, 
683–699 (2001) 
June 2000 
List of Recent TAM Reports (cont’d) 
No. Authors Title Date 
 948 Phillips, W. R. C. On the pseudomomentum and generalized Stokes drift in a 
spectrum of rotational waves—Journal of Fluid Mechanics 430, 209–
229 (2001) 
July 2000 
949 Hsui, A. T., and 
D. N. Riahi 
Does the Earth’s nonuniform gravitational field affect its mantle 
convection?—Physics of the Earth and Planetary Interiors (submitted) 
July 2000 
950 Phillips, J. W. Abstract Book, 20th International Congress of Theoretical and 
Applied Mechanics (27 August – 2 September, 2000, Chicago) 
July 2000 
951 Vainchtein, D. L., and 
H. Aref 
Morphological transition in compressible foam—Physics of Fluids 
13, 2152–2160 (2001) 
July 2000 
952 Chaïeb, S., E. Sato-
Matsuo, and T. Tanaka 
Shrinking-induced instabilities in gels July 2000 
953 Riahi, D. N., and 
A. T. Hsui 
A theoretical investigation of high Rayleigh number convection in a 
nonuniform gravitational field—Acta Mechanica (submitted) 
Aug. 2000 
954 Riahi, D. N. Effects of centrifugal and Coriolis forces on a hydromagnetic 
chimney convection in a mushy layer—Journal of Crystal Growth 
226, 393–405 (2001) 
Aug. 2000 
955 Fried, E. An elementary molecular-statistical basis for the Mooney and 
Rivlin–Saunders theories of rubber-elasticity—Journal of the 
Mechanics and Physics of Solids 50, 571–582 (2002) 
Sept. 2000 
956 Phillips, W. R. C. On an instability to Langmuir circulations and the role of Prandtl 
and Richardson numbers—Journal of Fluid Mechanics 442, 335–358 
(2001) 
Sept. 2000 
957 Chaïeb, S., and J. Sutin Growth of myelin figures made of water soluble surfactant—
Proceedings of the 1st Annual International IEEE–EMBS 
Conference on Microtechnologies in Medicine and Biology (October 
2000, Lyon, France), 345–348 
Oct. 2000 
958 Christensen, K. T., and 
R. J. Adrian 
Statistical evidence of hairpin vortex packets in wall turbulence—
Journal of Fluid Mechanics 431, 433–443 (2001) 
Oct. 2000 
959 Kuznetsov, I. R., and 
D. S. Stewart 
Modeling the thermal expansion boundary layer during the 
combustion of energetic materials—Combustion and Flame, in press 
(2001) 
Oct. 2000 
960 Zhang, S., K. J. Hsia, 
and A. J. Pearlstein 
Potential flow model of cavitation-induced interfacial fracture in a 
confined ductile layer—Journal of the Mechanics and Physics of Solids, 
50, 549–569 (2002) 
Nov. 2000 
961 Sharp, K. V., 
R. J. Adrian, 
J. G. Santiago, and 
J. I. Molho 
Liquid flows in microchannels—Chapter 6 of CRC Handbook of 
MEMS (M. Gad-el-Hak, ed.) (2001) 
Nov. 2000 
962 Harris, J. G. Rayleigh wave propagation in curved waveguides—Wave Motion 
36, 425–441 (2002) 
Jan. 2001 
963 Dong, F., A. T. Hsui, 
and D. N. Riahi 
A stability analysis and some numerical computations for thermal 
convection with a variable buoyancy factor—Journal of Theoretical 
and Applied Mechanics, in press (2002) 
Jan. 2001 
964 Phillips, W. R. C. Langmuir circulations beneath growing or decaying surface 
waves—Journal of Fluid Mechanics (submitted) 
Jan. 2001 
965 Bdzil, J. B., 
D. S. Stewart, and 
T. L. Jackson 
Program burn algorithms based on detonation shock dynamics—
Journal of Computational Physics (submitted) 
Jan. 2001 
966 Bagchi, P., and 
S. Balachandar 
Linearly varying ambient flow past a sphere at finite Reynolds 
number: Part 2—Equation of motion—Journal of Fluid Mechanics 
(submitted) 
Feb. 2001 
967 Cermelli, P., and 
E. Fried 
The evolution equation for a disclination in a nematic fluid—
Proceedings of the Royal Society A 458, 1–20 (2002) 
Apr. 2001 
968 Riahi, D. N. Effects of rotation on convection in a porous layer during alloy 
solidification—Chapter 12 in Transport Phenomena in Porous Media 
(D. B. Ingham and I. Pop, eds.), 316–340 (2002) 
Apr. 2001 
List of Recent TAM Reports (cont’d) 
No. Authors Title Date 
 969 Damljanovic, V., and 
R. L. Weaver 
Elastic waves in cylindrical waveguides of arbitrary cross section—
Journal of Sound and Vibration (submitted) 
May 2001 
970 Gioia, G., and 
A. M. Cuitiño 
Two-phase densification of cohesive granular aggregates—Physical 
Review Letters 88, 204302 (2002) (in extended form and with added 
co-authors S. Zheng and T. Uribe) 
May 2001 
971 Subramanian, S. J., and 
P. Sofronis 
Calculation of a constitutive potential for isostatic powder 
compaction—International Journal of Mechanical Sciences (submitted) 
June 2001 
972 Sofronis, P., and 
I. M. Robertson 
Atomistic scale experimental observations and micromechanical/ 
continuum models for the effect of hydrogen on the mechanical 
behavior of metals—Philosophical Magazine (submitted) 
June 2001 
973 Pushkin, D. O., and 
H. Aref 
Self-similarity theory of stationary coagulation—Physics of Fluids 14, 
694–703 (2002) 
July 2001 
974 Lian, L., and 
N. R. Sottos 
Stress effects in ferroelectric thin films—Journal of the Mechanics and 
Physics of Solids (submitted) 
Aug. 2001 
975 Fried, E., and 
R. E. Todres 
Prediction of disclinations in nematic elastomers—Proceedings of the 
National Academy of Sciences 98, 14773–14777 (2001) 
Aug. 2001 
976 Fried, E., and 
V. A. Korchagin 
Striping of nematic elastomers—International Journal of Solids and 
Structures 39, 3451–3467 (2002) 
Aug. 2001 
977 Riahi, D. N. On nonlinear convection in mushy layers: Part I. Oscillatory modes 
of convection—Journal of Fluid Mechanics 467, 331–359 (2002) 
Sept. 2001 
978 Sofronis, P., 
I. M. Robertson, 
Y. Liang, D. F. Teter, 
and N. Aravas 
Recent advances in the study of hydrogen embrittlement at the 
University of Illinois—Invited paper, Hydrogen–Corrosion 
Deformation Interactions (Sept. 16–21, 2001, Jackson Lake Lodge, 
Wyo.) 
Sept. 2001 
979 Fried, E., M. E. Gurtin, 
and K. Hutter 
A void-based description of compaction and segregation in flowing 
granular materials—Proceedings of the Royal Society of London A 
(submitted) 
Sept. 2001 
980 Adrian, R. J., 
S. Balachandar, and 
Z.-C. Liu 
Spanwise growth of vortex structure in wall turbulence—Korean 
Society of Mechanical Engineers International Journal 15, 1741–1749 
(2001) 
Sept. 2001 
981 Adrian, R. J. Information and the study of turbulence and complex flow—
Japanese Society of Mechanical Engineers Journal B, in press (2002) 
Oct. 2001 
982 Adrian, R. J., and 
Z.-C. Liu 
Observation of vortex packets in direct numerical simulation of 
fully turbulent channel flow—Journal of Visualization, in press (2002) 
Oct. 2001 
983 Fried, E., and 
R. E. Todres 
Disclinated states in nematic elastomers—Journal of the Mechanics 
and Physics of Solids 50, 2691–2716 (2002) 
Oct. 2001 
984 Stewart, D. S. Towards the miniaturization of explosive technology—Proceedings 
of the 23rd International Conference on Shock Waves (2001) 
Oct. 2001 
985 Kasimov, A. R., and 
Stewart, D. S. 
Spinning instability of gaseous detonations—Journal of Fluid 
Mechanics (submitted) 
Oct. 2001 
986 Brown, E. N., 
N. R. Sottos, and 
S. R. White 
Fracture testing of a self-healing polymer composite—Experimental 
Mechanics (submitted) 
Nov. 2001 
987 Phillips, W. R. C. Langmuir circulations—Surface Waves (J. C. R. Hunt and S. Sajjadi, 
eds.), in press (2002) 
Nov. 2001 
988 Gioia, G., and 
F. A. Bombardelli 
Scaling and similarity in rough channel flows—Physical Review 
Letters 88, 014501 (2002) 
Nov. 2001 
989 Riahi, D. N. On stationary and oscillatory modes of flow instabilities in a 
rotating porous layer during alloy solidification—Journal of Porous 
Media, in press (2002) 
Nov. 2001 
990 Okhuysen, B. S., and 
D. N. Riahi 
Effect of Coriolis force on instabilities of liquid and mushy regions 
during alloy solidification—Physics of Fluids (submitted) 
Dec. 2001 
991 Christensen, K. T., and 
R. J. Adrian 
Measurement of instantaneous Eulerian acceleration fields by 
particle-image accelerometry: Method and accuracy—Experimental 
Fluids (submitted) 
Dec. 2001 
List of Recent TAM Reports (cont’d) 
No. Authors Title Date 
 992 Liu, M., and K. J. Hsia Interfacial cracks between piezoelectric and elastic materials under 
in-plane electric loading—Journal of the Mechanics and Physics of 
Solids, in press (2002) 
Dec. 2001 
993 Panat, R. P., S. Zhang, 
and K. J. Hsia 
Bond coat surface rumpling in thermal barrier coatings—Acta 
Materialia, in press (2002) 
Jan. 2002 
994 Aref, H. A transformation of the point vortex equations—Physics of Fluids 14, 
2395–2401 (2002) 
Jan. 2002 
995 Saif, M. T. A, S. Zhang, 
A. Haque, and 
K. J. Hsia 
Effect of native Al2O3 on the elastic response of nanoscale aluminum 
films—Acta Materialia 50, 2779–2786 (2002) 
Jan. 2002 
996 Fried, E., and 
M. E. Gurtin 
A nonequilibrium theory of epitaxial growth that accounts for 
surface stress and surface diffusion—Journal of the Mechanics and 
Physics of Solids, in press (2002) 
Jan. 2002 
997 Aref, H. The development of chaotic advection—Physics of Fluids 14, 1315–
1325 (2002); see also Virtual Journal of Nanoscale Science and 
Technology, 11 March 2002 
Jan. 2002 
998 Christensen, K. T., and 
R. J. Adrian 
The velocity and acceleration signatures of small-scale vortices in 
turbulent channel flow—Journal of Turbulence, in press (2002) 
Jan. 2002 
999 Riahi, D. N. Flow instabilities in a horizontal dendrite layer rotating about an 
inclined axis—Proceedings of the Royal Society of London A 
(submitted) 
Feb. 2002 
1000 Kessler, M. R., and 
S. R. White 
Cure kinetics of ring-opening metathesis polymerization of 
dicyclopentadiene—Journal of Polymer Science A 40, 2373–2383 
(2002) 
Feb. 2002 
1001 Dolbow, J. E., E. Fried, 
and A. Q. Shen 
Point defects in nematic gels: The case for hedgehogs—Proceedings 
of the National Academy of Sciences (submitted) 
Feb. 2002 
1002 Riahi, D. N. Nonlinear steady convection in rotating mushy layers—Journal of 
Fluid Mechanics (submitted) 
Mar. 2002 
1003 Carlson, D. E., E. Fried, 
and S. Sellers 
The totality of soft-states in a neo-classical nematic elastomer—
Proceedings of the Royal Society A (submitted) 
Mar. 2002 
1004 Fried, E., and 
R. E. Todres 
Normal-stress differences and the detection of disclinations in 
nematic elastomers—Journal of Polymer Science B: Polymer Physics 40, 
2098–2106 (2002) 
June 2002 
1005 Fried, E., and B. C. Roy Gravity-induced segregation of cohesionless granular mixtures—
Lecture Notes in Mechanics, in press (2002) 
July 2002 
1006 Tomkins, C. D., and 
R. J. Adrian 
Spanwise structure and scale growth in turbulent boundary 
layers—Journal of Fluid Mechanics (submitted) 
Aug. 2002 
1007 Riahi, D. N. On nonlinear convection in mushy layers: Part 2. Mixed oscillatory 
and stationary modes of convection—Journal of Fluid Mechanics 
(submitted) 
Sept. 2002 
1008 Aref, H., P. K. Newton, 
M. A. Stremler, 
T. Tokieda, and 
D. L. Vainchtein 
Vortex crystals—Advances in Applied Mathematics 39, in press (2002) Oct. 2002 
1009 Bagchi, P., and 
S. Balachandar 
Effect of turbulence on the drag and lift of a particle—Physics of 
Fluids (submitted) 
Oct. 2002 
1010 Zhang, S., R. Panat, 
and K. J. Hsia 
Influence of surface morphology on the adhesive strength of 
aluminum/epoxy interfaces—Journal of Adhesion Science and 
Technology (submitted) 
Oct. 2002 
1011 Carlson, D. E., E. Fried, 
and D. A. Tortorelli 
On internal constraints in continuum mechanics—Journal of 
Elasticity (submitted) 
Oct. 2002 
1012 Boyland, P. L., 
M. A. Stremler, and 
H. Aref 
Topological fluid mechanics of point vortex motions—Physica D, in 
press (2002) 
Oct. 2002 
 
